Introduction
Excessive light may enhance the development or progression of age-related macular degeneration and retinitis pigmentosa (Cruickshanks et al., 1993; Cideciyan et al., 1998) , and light from operating microscopes used in ophthalmic practice can cause photic maculopathy (Byrnes et al., 1995) . Light exposure induces photoreceptor cell death via apoptosis (Hafezi et al., 1997; Wenzel et al., 2000) . Free radicals, including reactive oxygen species, play a crucial role in the damage (Organisciak et al., 1989; Ranchon et al., 2003) .
Thioredoxin (Trx) is a small (13 kDa) ubiquitous protein with two redox-active cystine residues, -Cys-Gly-Pro-Cys-, in its active center (Holmgren, 1985) . Human Trx was originally cloned as a soluble factor released from human T cell leukemia virus type-I transformed T cells (Tagaya et al., 1989) . Trx has various biologic activities, such as elimination of reactive oxygen species, activation of transcription factors, and regulation of the intracellular apoptotic pathway (Saitoh et al., 1998; Hirota et al., 1999) , and is upregulated in response to a wide variety of oxidative stresses, including viral infections and ultraviolet and x-ray irradiation (Nakamura et al., 1997) . We reported previously that Trx is induced in the retinal pigment epithelial (RPE) layer after retinal ischemia-reperfusion injury in rats . Current information suggests that imbalances in the tissue or cellular redox state are associated with light-induced photoreceptor cell damage (Tanito et al., 2002c) , and normalization of the cellular redox state via intensification of endogenous (Tanito et al., 2002b) and exogenous (Tanito et al., 2002a) Trx expression prevents damage.
Heat shock protein 72 (Hsp72) increases in response to a variety of stresses, such as heat shock, hypoxia, hydrogen peroxide, inflammation, and ischemia (Ooie et al., 2001) , and functions as a molecular chaperone to prevent protein aggregation and facilitate refolding of dysfunctional proteins critical to organ survival (Feldman and Frydman, 2000) . Induction of Hsp72 in the neural retina by hyperthermia (Barbe et al., 1988) and intravitreous in-jection of Hsp72 protein (Yu et al., 2001) contribute to retinal protection against light damage.
Geranylgeranylacetone (GGA), an acyclic polyisoprenoid, is widely used as an anti-ulcer drug (Murakami et al., 1981) . The cytoprotective effect of GGA is explained partly by induction of prostaglandins (PGs) (Terano et al., 1986) . However, other studies reported that endogenous PGs are not involved in the action of GGA (Bilski et al., 1988) ; therefore, the molecular mechanism of the cytoprotective action of GGA is not fully understood. Recent information suggests that GGA increases Trx (Hirota et al., 2000; Dekigai et al., 2001; Bai et al., 2002) and Hsp expression (Hirakawa et al., 1996) in various cells and exerts cytoprotection.
To consider the strategy of intensification of Trx and Hsp72 for retinal protection, the use of an inducer for those proteins seems to be a less invasive and much safer way compared with pretreatment with hyperthermia, intraocular injection of proteins, and gene transfection. We evaluated whether GGA induces Trx and Hsp72 in retinal tissues in vivo and in vitro and how GGA mediates cytoprotection against retinal light damage.
Materials and Methods
Antibodies. Rabbit anti-mouse Trx antibody, mouse anti-human Trx antibody, and rabbit anti-murine peroxiredoxin (Prx)-I, -IV, and -VI antibodies have been described previously (Matsumoto et al., 1999; Fujii et al., 2001; Tanito et al., 2002b) . Mouse anti-Hsp72 antibody was purchased from Stressgen Biotechnologies (Victoria, Canada). Mouse anti-8-hydroxy-2-deoxyguanosine (8OHdG) monoclonal antibody and mouse anti-4-hydroxy-2-nonenal (4HNE)-modified protein monoclonal antibody were purchased from NOF Corporation (Tokyo, Japan).
Animal care. All procedures were performed according to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Four-week-old male BALB/c mice were obtained from Japan SLC (Shizuoka, Japan) and maintained in our colony room for 5-7 d before the experiments. The light intensity in the colony room was 300 lux, and that within the cages was 20 -40 lux. All mice were maintained under a 12 h (8:00 A.M. to 8:00 P.M.) light/dark cycle.
GGA treatment. GGA was obtained from Eisai (Tokyo, Japan). GGAtreated mice received 0.5 mg of granulated GGA, suspended in 25 l of saline just before use. GGA was administered orally using a micropipette twice daily for 5 d before the experiment. GGA-untreated mice received 25 l of saline orally, twice daily, for 5 d. For 8OHdG immunohistochemistry, morphometry, terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUNEL), and electroretinograms (ERGs), mice that had not been exposed to light or treated with the study drug but dark adapted for 24 h also were studied as normal controls.
Western blotting for mouse Trx and Hsp72 in murine retinal samples. Eyes were enucleated 12 h after the final GGA treatment. The methods of obtaining retinal samples (neural retina and RPE cell fraction), preparation, and Western blotting were described previously (Tanito et al., 2002a) . Both eyes of each mouse were pooled and used for analysis. Equal amounts of retinal protein (10 g for Hsp72 and 5 g for mouse Trx) were electrophoresed on SDS-polyacrylamide gel (10% for Hsp72 and 15% for mouse Trx). Band intensities were analyzed using the NIH Image software.
Light exposure. The procedure for light exposure has been reported previously (Hafezi et al., 1997; Tanito et al., 2002a) . Light exposure began at 10:00 A.M., and the final treatment with GGA or saline was performed 12 h before the start of light exposure. The mice were dark adapted for 24 h before the experiments, and the pupils were dilated with 1% cyclopentolate hydrochloride eye drops (Santen, Osaka, Japan) 1 h before light exposure. The unanesthetized mice were exposed to 8000 lux of diffuse, cool, white fluorescent light (Matsushita Electric Industrial, Osaka, Japan) for 2 h in cages with a reflective interior. After light exposure, the mice were kept in the dark until the ERGs were recorded and enucleation.
Preparation of retinal tissue sections. The mice were perfused through the left cardiac ventricle with PBS and then perfused with freshly prepared 4% paraformaldehyde containing 0.25% glutaraldehyde in PBS. A 7-0 silk suture was placed as a landmark at the temporal side of the right eye and then the right eye was removed. The eyes were fixed in the same fixative for 12 h at 4°C and embedded in paraffin. One micrometer sagittal sections containing the whole retina, including the optic disc, were cut for immunohistochemistry, morphometry, and TUNEL.
Immunohistochemistry for mouse Trx, Hsp72, 8OHdG, proteins in retinal sections. The eyes were enucleated 12 h after the final treatment with GGA or saline for immunohistochemical analysis for mouse Trx and Hsp72, and 24 h after light exposure for 8OHdG and 4HNE-modified protein. For Prx-I, -IV, and -VI, the untreated normal control mice were analyzed.
For mouse Trx, Hsp72, 4HNE-modified protein, Prx-I, Prx-IV, and Prx-VI, an immunoperoxidase technique was used (Tanito et al., 2002a) . Briefly, endogenous peroxidase activity was inactivated with 0.6% H 2 O 2 . The primary antibody or control normal serum was added and incubated at 4°C overnight. Biotinylated goat IgG (Biomeda, Foster City, CA), antimouse for Hsp72 and 4HNE-modified protein, and anti-rabbit for Trx, Prx-I, Prx-IV, and Prx-VI were used as the secondary antibody. Avidin-biotin amplification (Biomeda) was performed, which was followed by incubation with the substrate 0.1% 3Ј,3Ј-diaminobenzidine (Dako, High Wycombe, UK).
For 8OHdG, the alkaline-phosphatase technique was used (Tanito et al., 2002c) . After the sections were autoclaved in 10 mmol/L citrate buffer, pH 6.0, the primary antibody or normal mouse serum was added and incubated at 4°C overnight. Biotin-labeled rabbit anti-mouse IgG (Dako) was used as the second antibody, followed by an avidin-biotin-alkaline phosphatase complex (Vector Laboratories, Burlingame, CA).
Morphometry. The right eye was enucleated 24 and 96 h after light exposure, and retinal sections were stained with hematoxylin-eosin. Digitized color images of four locations (two in the superior retina 100 -800 m above the optic disc and two in the inferior retina 100 -800 m below the optic disc) were obtained for each section using a Digital Imaging system (PDMC le; Olympus, Tokyo, Japan). The number of hematoxylin-positive photoreceptor cell nuclei in each image was counted (Tanito et al., 2002a) and compared between the GGAtreated and -untreated mice.
TUNEL. The right eye was enucleated 24 and 96 h after light exposure, and TUNEL was performed using an in situ Apoptosis Detection kit (Takara, Kusatsu, Japan) on an obtained section. 3Ј,3Ј-diaminobenzidine (Dako) was used as chromogen. The percentage of TUNELpositive photoreceptor cell nuclei was estimated in the same locations described above (Tanito et al., 2002a ) and compared between GGA-treated and -untreated mice.
ERGs. Four and 10 d after light exposure, flash ERGs were recorded (PE-3000; Tomey, Nagoya, Japan) by methods described previously (Tanito et al., 2002c) . Thirty minutes before the recording, the animals were anesthetized with pentobarbital (20 mg/kg, intraperitoneally), and the pupils were dilated with 0.5% tropicam- ide and 0.5% phenylephrine hydrochloride eye drops (Santen). A contact lens gold electrode (3 mm diameter, 1.5 mm base curve; Kyoto Contact Lens, Kyoto, Japan) was placed on the left eye. An identical reference electrode was placed in the mouth, and a ground electrode was placed on the left footpad. A single flash of light (duration, 20 ms) from a halogen source 30 cm from the eye was used as the light stimulus. The mean a-and b-wave amplitudes obtained from the GGA-treated and -untreated mice were compared.
Cell culture. Human K-1034 RPE cells and mouse photoreceptor-derived 661W cells (Tan et al., 2004) , which were kindly provided by Dr. Al-Ubaidi (Department of Cell Biology, University of Oklahoma Health Sciences Center, Oklahoma City, OK), were maintained in Ham's F-12 medium and DMEM, respectively, containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin in 5% CO 2 at 37°C.
Western blotting for human TRX and Hsp72 in GGA-treated K-1034 RPE cells and its culture medium and for Prx-I, Prx-IV, and Prx-VI in 661W cells. K-1034 cells (5 ϫ 10
5 cells) were cultured with 3 ml of medium on 6 cm culture dishes and treated with GGA (1 or 10 M) for 24 and 48 h. For in vitro experiments, a stock solution of GGA dissolved in ethanol was used (Hirota et al., 2000) . The final concentration of ethanol in culture medium was Ͻ0.1%, and the accompanying control cells were treated with the same amount of ethanol. After incubation with GGA, the culture medium and cells were collected.
Total cell lysate was prepared as described previously (Kwon et al., 2002) . The culture medium was concentrated using methanol precipitation methods. Briefly, culture medium to which was added five times the volume of ice-cold methanol was stored at Ϫ20°C overnight and centrifuged at 12,000 ϫ g for 20 min. The supernatant was then discarded, and the pellet was suspended in SDS sample buffer. For Hsp72, the albumin and immunoglobulin contents of the culture medium were removed using a ProteoExtract Albumin/IgG Removal kit (Calbiochem, La Jolla, CA) before the methanol precipitation. Equal amounts of total cell lysate (5 g of protein for human Trx and 15 g of protein for Hsp72) or concentrated proteins from the culture medium (concentrates from 125 l of medium for human Trx and 250 l of medium for Hsp72) were electrophoresed on SDS polyacrylamide gel (15% for human Trx and 7.5% for Hsp72). Specific bands then were detected according to the method of Western blotting as described previously. Total cell lysates (30 g) of 661W cells were electrophoresed on 10% SDS polyacrylamide gel, and the specific bands for Prx-I, -IV, and -VI were detected as described previously.
Sandwich ELISA for human TRX in culture medium of GGA-treated K-1034 RPE cells. Nonconcentrated culture medium (20 l) of GGAtreated K-1034 cells described previously was analyzed with sandwich ELISA for human Trx. A human Trx ELISA kit was purchased from Redox Bioscience (Kyoto, Japan), the details of which were described previously .
Lactate dehydrogenase releasing assay in H 2 O 2 -treated 661W cells. Recombinant human (rh) Trx was purchased from Ajinomoto (Tokyo, Japan). The 661W cells (5 ϫ 10 3 cells) were cultured with 0.2 ml of medium on a 96-well culture plate and treated with H 2 O 2 (200 M) with rhTrx (0, 0.75, 7.5, and 75 nM) added to the culture medium. After 48 h, 50 l of culture medium was analyzed using a lactate dehydrogenase (LDH)-releasing assay kit (Roche, Tokyo, Japan) to estimate cellular damage. The percentage of cell death was calculated from 0% cell death (medium only) to 100% cell death (cells treated with 2% Triton X-100).
Overexpression of green fluorescent protein-Trx fusion protein in K-1034 cells. The DNA fragments encoding human Trx (Kondo et al., 2004) were amplified by PCR and inserted between the BglII and the XbaI sites of the pEGFP-C1 vector (Clontech, Palo Alto, CA). The K-1034 cells were transfected with human Trx-pEGFP-C1 vector using Fu-GENE 6 (Roche) following the instructions of the manufacturer. After transfection, the cells were cultured with fresh medium containing 1 mg/ml neomycin (G418; Nacalai Tesque, Kyoto, Japan) for 2 weeks, and pooled transfectants were used for subsequent experiments.
Phagocytotic activity of K-1034 cells. K-1034 cells (5 ϫ 10 2 cells/3 ml of medium on a 3 cm dish), pretreated with or without GGA (10 M) for 24 h, or pooled green fluorescent protein (GFP)-human Trxoverexpressing K-1034 cells (5 ϫ 10 2 cells/3 ml of medium on a 3 cm dish) were treated with a sublethal dose of H 2 O 2 (50 M) for 24 h. The cells then were treated with 0.2 l of a red fluorescent carboxylatemodified latex beads solution (1 m diameter, 2.5% solid; L3155; Sigma, St. Louis, MO) for another 48 h. Incorporation of latex beads into the cell body was observed using a fluorescence microscope (DP70 Digital Imaging system; Olympus) and was quantified as FL-2 fluorescence intensity by flow cytometry (FACS Calibur; Becton Dickinson, Tokyo, Japan) using CELLQUEST software with the modified methods of a previous study (Goncalves et al., 2003) . The ability to incorporate latex beads into K-1034 cells has been reported previously Kigasawa et al., 1994) .
Results
Immunohistochemical analysis (Fig. 1) showed clear upregulation of Trx (Fig. 1 B) and Hsp72 (Fig. 1 D) in the RPE layer of mice treated with GGA (0.5 mg, twice each day for 5 d) compared with those treated with saline only (Fig. 1 A, C, respectively) . A slight increase in Hsp 72 labeling was observed in the ganglion cell layer Figure 5 . Representative immunohistochemistry for 8OHdG (A) and 4HNE-modified protein (B) in murine retina. A, In specimens from mice not exposed to light (top), no labeling or slight labeling of 8OHdG is observed. Twenty-four hours after light exposure, labeling intensity increases in most nuclei of the ONL, and some cells show strong labeling (arrowheads) in specimens from mice not treated with GGA (GGAϪ) (bottom left), but fewer cells are seen in specimens from GGA-treated mice (bottom right). B, In specimens from mice not exposed to light (top), no labeling or slight labeling of 4HNE-modified protein is observed. Twenty-four hours after light exposure, labeling intensity increases throughout the retina, and some cells show strong perinuclear or nuclear labeling in the inner nuclear layer (INL) (arrowheads), ONL (arrows), and RPE (white arrow) in specimens from mice not treated with GGA (GGAϪ) (bottom left), but fewer cells are seen in specimens from GGA-treated mice (bottom right).
(GCL) and inner plexiform layer (IPL) in GGA-treated murine retina (Fig. 1 D) . Western blotting also showed induction of TRX and Hsp72 in RPE (Fig. 2 A) . In the neural retina (Fig. 2 B) , Trx was upregulated slightly, whereas Hsp72 was not upregulated by GGA.
Ninety-six hours after light exposure, the number of cell nuclei in the outer nuclear layer (ONL) was significantly higher (Fig. 3 A, C) in GGA-treated mice compared with saline-treated mice. Twenty-four and 96 h after light exposure, the percentage of TUNEL-positive cells in the ONL was significantly lower (Fig. 3B,D) in GGA-treated mice compared with saline-treated mice. ERGs were recorded before and 4 and 10 d after light exposure to estimate retinal function (Fig. 4A,B) . Before light exposure, there was no difference in the a-and b-wave amplitudes between GGA-untreated and -treated mice. Four and 10 d after light exposure, the a-and b-wave amplitudes were significantly higher in mice pretreated with GGA compared with those treated with saline only. To estimate the levels of oxidative stress, immunohistochemical analyses for 8OHdG and 4HNE-modified protein, established markers for oxidative stress-induced DNA damage (Toyokuni et al., 1997) and lipid peroxidation (Toyokuni et al., 1994) , respectively, were performed in retinal specimens. Twenty-four hours after light exposure, labeling intensities for 8OHdG in the ONL (Fig. 5A ) and for 4HNE in the INL and ONL (Fig. 5B) were remarkably higher in mice treated with saline only compared with GGA-pretreated mice. Those results indicated that oral pretreatment of GGA attenuates light-induced photoreceptor cell damage in mice. To test the mechanisms of GGA-mediated cytoprotection against light damage, an additional analysis was performed.
Human K-1034 RPE cells were treated with GGA, and Trx and Hsp72 then were detected in total cell lysate and culture medium. Western blotting showed that Trx and Hsp72 were upregulated in cell lysate depending on the GGA concentration (Fig. 6 A) . In culture medium, Trx but not Hsp72 was detected, and the amount of Trx increased after GGA treatment (Fig. 6 B) . This GGA-induced increase of Trx secretion from RPE cells also was detected with sandwich ELISA for Trx (Fig. 6C) .
We tested the effect of rhTrx protein against H 2 O 2 -induced 661W photoreceptor cell damage using an LDH-releasing assay. Cell damage caused by H 2 O 2 was remarkably attenuated by the rhTrx in the culture medium (Fig. 6 D) . We tested the Prx family protein expression in cultured 661W cells and mouse retina. Western blotting showed that Prx-I, -IV, and -VI were detected in the cell lysate of 661W cells (Fig. 6 E) . By immunohistochemical analysis, labeling for Prx-I, -IV, and -VI was commonly observed in several retinal layers, including the rod outer segments and RPE (Fig. 7) .
Phagocytosis is a primary function of RPE cells for maintaining retinal photoreceptor integrity. We tested the effect of GGA . Each bar is expressed as mean Ϯ SD (n ϭ 6 in each group). D, LDH-releasing assay for H 2 O 2 -treated mouse 661W photoreceptor-derived cells. Cell damage is significantly inhibited by the addition of rhTrx protein to the culture medium (*p Ͻ 0.01 and **p Ͻ 0.001, compared with 0 M GGA by unpaired t test). Each bar is expressed as mean Ϯ SD (n ϭ 6 in each group). E, Western blotting for Prx-I, -IV, and -VI in total cell lysate of 661W cells.
pretreatment on phagocytotic activity of RPE in an in vitro model in which latex beads were incorporated into K-1034 cells. After incubation with red fluorescent-labeled latex beads, the incorporated latex beads were observed as red dots in the cell body of the K-1034 cells (Fig. 8 A, bottom left) with a fluorescence microscopy. When the cells were treated with a sublethal dose of H 2 O 2 before the addition of the latex beads, this incorporation decreased (Fig. 8 A, bottom center) , and GGA pretreatment before H 2 O 2 treatment counteracted the H 2 O 2 -induced diminution of the latex bead incorporation (Fig. 8 A, bottom right) . We further quantified the incorporation of latex beads into K-1034 cells using flow cytometry. In H 2 O 2 -untreated cells, the percentage of cells incorporating latex beads (high-FL-2 intensity) was almost 80% in both the GGA-treated and -untreated cells (Fig. 8 B, panels 3 and 4, respectively). In the H 2 O 2 -treated cells, the percentages were 63 and 73%, respectively, in GGA-untreated (Fig. 8 B,  panel 5 ) and GGA-pretreated (Fig. 8 B, panel 6 ) cells. In H 2 O 2 -treated cells, the mean (ϮSD) percentages of cells incorporating latex beads from three independent experiments were 63.7 Ϯ 0.6 and 72.7 Ϯ 1.6% in GGA-untreated and -pretreated cells, respectively ( p Ͻ 0.01 by unpaired t test).
To determine whether Trx plays a role in GGA-mediated protection of phagocytotic activity, the ability of latex beads to be incorporated was analyzed in K-1034 cells overexpressing GFP-Trx fusion protein. Under fluorescence microscopy, incorporation of latex beads after H 2 O 2 treatment seemed higher in cells with high-Trx expression (strongly labeled green cells indicated by arrow) compared with cells with low-Trx expression (Fig.  9A , arrowheads indicate low or no greenlabeled cells). In H 2 O 2 -untreated cells, the percentage of cells incorporating latex beads was almost 80% in populations with both low-and high-Trx expression (Fig.  9C, left) . In H 2 O 2 -treated cells, this percentage decreased to 70% in populations with low-Trx expression and was 80% in populations with high-Trx expression (Fig. 9C, right) . This result of a higher percentage of cells incorporating latex beads in populations with high-Trx expression compared with that in populations with low-Trx expression was consistent with another transfection experiment.
Discussion
Oral treatment with GGA 1.0 mg/mouse, corresponding to 50 mg/kg for 5 d, markedly induced Trx and Hsp72 in RPE and slightly induced Trx in the neural retina (Figs. 1, 2) . Hsp72 induction was observed in the GCL and IPL by immunohistochemistry (Fig.  1D) but not in the neural retina by Western blotting (Fig. 2B) . In rat retinal ganglion cells, Hsp72 induction was seen after intraperitoneal injection of GGA 200 mg/kg daily for Ͼ3 d (Ishii et al., 2003) . Dilution of the signal in those specific layers because of the whole retinal analysis in Western blotting may explain the discrepancy in Hsp72 expression in the neural retina in this study.
The in vivo effect of GGA on Trx induction has not been studied extensively. In rat hearts, one oral GGA treatment of 200 mg/kg did not induce Trx, whereas 50 mg/kg GGA induced Hsp72 (Ooie et al., 2001 ). Thus, the potential for GGA-mediated induction seems to differ between Hsp72 and Trx in each tissue. Preferential induction of Trx in the RPE layer was observed after light exposure in mice (Tanito et al., 2002a) or ischemia reperfusion in rats . The RPE may be susceptible to GGA-mediated induction of Trx, which suggests that Trx plays a role in RPE cell function.
The Trx promoter region contains several conserved sequences for transcription factors such as the oxidative stress responsive element (ORE) (Taniguchi et al., 1996) , antioxidant responsive element (ARE) (Kim et al., 2001) , and the cAMP responsive element (Bai et al., 2003) . ORE is thought to be not directly involved in GGA-mediated Trx induction, because N-acetylcysteine, a potent antioxidant, had no effect on GGA- mediated Trx induction (Hirota et al., 2000) . In erythroleukemic K-562 cells, Trx induction by hemin was mediated by ARE, whereas both heat shock factor (HSF)-1 and -2 were not involved in this induction, and no typical sequence for HSF binding was identified in the Trx gene (Kim et al., 2001) . Because GGA enhances PG production (Terano et al., 1986) and PG E1 accelerates Trx induction in RPE cells through the cAMP-dependent pathway (Yamamoto et al., 1997a) , a soluble factor such as PG may play a role in Trx induction. GGA-specific binding protein was reported in the cytosol of gastric mucosal cells (Hassan et al., 1998) , although the details of this protein are essentially unknown. The mechanisms of Trx induction by GGA and the significance of simultaneous induction of Hsp72 and Trx by GGA in RPE, as observed in this study, remain to be clarified.
Compared with GGA-untreated mice, reduction of photoreceptor cell nuclei and expression of TUNEL-positive cells after light exposure were significantly precluded in GGA-pretreated mice (Fig. 3) . The retinal function estimated by ERG was preserved in GGA-treated mice compared with GGA-untreated mice after light exposure (Fig. 4) , suggesting that GGA pretreatment attenuates lightinduced retinal damage morphologically and functionally. The anti-apoptotic effects of GGA were previously reported in the ethanol-and H 2 O 2 -induced cultured rat hepatocyte injury (Mizushima et al., 1999) and in the ethanol-induced cultured guinea pig gastric mucosal cell injury (Ikeyama et al., 2001 ). The present study showed the anti-apoptotic effects of GGA in a model of light-induced photoreceptor cell damage.
The RPE cell layer is crucial for the maintenance and survival of adjacent photoreceptor cells via phagocytosis of the photoreceptor outer segments, regeneration of visual pigment, and trophic support by production of neurotrophic factors (Pacione et al., 2003; Schlingemann, 2004) . Because Trx and Hsp72 were induced predominantly in the RPE layer, the protective effect of GGA may contribute to the protection and/or modulation of RPE functions.
Discs of photoreceptor outer segments are renewed constantly at a rate of 10% per day (Pacione et al., 2003) , and this rate was remarkably accelerated by light exposure (Blanks et al., 1992) . Failure of phagocytosis by the RPE leads to accumulation of outer segment debris in the subretinal space, and there is a resultant acceleration of photoreceptor cell loss as shown in rats with photoreceptor degeneration resulting from MERTK gene mutation (Bok and Hall, 1971; D'Cruz et al., 2000) . In the present study, a sublethal dose of H 2 O 2 diminished latex-bead incorporation into the RPE cells (Fig. 8) . Pretreatment with GGA (Fig. 8) and overexpression of Trx (Fig. 9) counteracted the H 2 O 2 -induced diminution of latex-bead incorporation. Along with the differentiation of murine monocytic M1 cells by interleukin-6 treatment, Trx may play a crucial role in regulating the intracellular oxidative stress level and increased phagocytotic activity (Takashima et al., 1999) . Our results suggest that protection of the phagocytotic activity of RPE cells via Trx upregulation in RPE cells is a mechanism of GGA-mediated photoreceptor cell protection. GGA could upregulate PGs (Terano et al., 1986) , and PGs (especially PGD2) counteract melatonin-mediated inhibition of phagocytosis activity in cultured RPE cells (Ogino et al., 1983) , although PGs inhibit phagocytosis (Ogino et al., 1983; Ershov et al., 2000) . Accordingly, PG-mediated regulation of phagocytotic activity may be involved in the mechanism of Trx-and GGA-mediated protection of phagocytotic activity against oxidative stress. Because the levels of Hsp72 contribute to the increased resistance to H 2 O 2 -mediated cell damage in cultured RPE cells (Bailey et al., 2004) , and because Hsp72 is stimulated in macrophages that are actively engaged in phagocytosis (Kantengwa and Polla, 1993) , Hsp72 induced in the RPE may be involved in GGA-mediated protection of phagocytotic activity against oxidative stress.
With GGA treatment, the increase in Trx was seen in both cell lysate and culture medium of RPE cells, whereas Hsp72 increased only in cell lysate (Fig. 6 A-C) . It is reported that only 5-15 pg of Hsp72 is released per 1 ϫ 10 6 glioma cells per day (Guzhova et al., 2001) . Accordingly, our result that Hsp72 in culture medium was below the sensitivity of Western blots is in line with previous study. Upregulation of Trx, but not Hsp72, also was observed in neural retinas from GGA-treated mice (Fig. 2 B) , although the increments in Trx labeling with GGA treatment were not observed in neural retina by immunohistochemistry (Fig. 1 B) . This discrepancy in Trx induction in the neural retina in vivo may be the result of the loss of free Trx from the specimen in the process of sample preparation or staining, such as dehydration and deparaffinization. Accordingly, our observations suggest that RPE cells may release Trx. Trx scavenges singlet oxygen and hydroxyl radicals by itself (Das and Das, 2000) and H 2 O 2 in association with Prx (Chae et al., 1994) . Extracellular Trx prevents H 2 O 2 -induced cell damage in cultured photoreceptor cells (Fig.  6 D) . Prx family proteins were expressed in the neural retina and RPE (Fig. 7) . Expressions of 8OHdG, a major DNA basemodified product that is induced by the hydroxyl radical, singlet oxygen, or photodynamic action (Shibutani et al., 1991) , and 4HNE-modified protein, stable Michael adducts formed from a reaction between a major final product of lipid peroxidation with established cytotoxicity and mutagenicity and histidyl, lysyl, or cysteinyl residues of proteins (Uchida and Stadtman, 1992) , were remarkably inhibited by GGA treatment in the retina (Fig. 5 A, B) . Collectively, Trx released from the RPE cells contributes to the cytoprotection of photoreceptor cells by eliminating oxidative stress. The RPE releases several neurotrophic factors such as nerve growth factor (NGF), brain-derived growth factor, neurotrophin-3 (Ishida et al., 1997) , and pigment epitheliumderived factor (Jablonski et al., 2000) . These neurotrophic factors confer cytoprotection against light-induced photoreceptor cell damage (LaVail et al., 1992; Cao et al., 2001) . Trx is essential for the NGF-mediated neurite outgrowth in neuronal PC12 cells (Bai et al., 2003) . Trx induced in the RPE contributes to cytoprotection against ischemia-reperfusion injury of the inner retina in rats (Yamamoto et al., 1997b) . Together, our results strongly suggest that Trx is a neurotrophic factor released from RPE cells that plays a crucial role in maintaining photoreceptor cell integrity against photooxidative insults. Although the precise mechanism in leaderless release of Trx from cells is currently unknown, the redox status of tissues or cells is deeply involved in the mechanism (Kondo et al., 2004) .
Attenuation of oxidative stress by GGA, per se, also may explain GGA-mediated cytoprotection. However, the GGA concentration in blood reaches the highest level after 5 h of oral treatment and thereafter returns rapidly to the pretreatment level (data sheet on Selbex; Eisai), and a direct scavenging effect of GGA against free radicals has not been reported. In addition, it is possible that other neuroprotective molecules other than Trx and Hsp72, such as neurotrophic factors, are involved in the GGAmediated cytoprotection. GGA has been used as an antigastric ulcer drug in Japan, and few adverse effects have been reported in the clinical experiments with GGA. Intensification of endogenous Trx by treatment with GGA may be a useful strategy to prevent photooxidative stress-related retinal diseases.
In summary, GGA administration upregulates Trx and Hsp72 mainly in the RPE layer and mediates cytoprotection against lightinduced photoreceptor cell damage in mice. Protection of phagocytotic activity through induction of Trx and release of Trx from RPE cells may be a mechanism of GGA-mediated cytoprotection.
